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Since Berlin and Kay's proposal in 1969 of tvo

universals concerning the meanings of basic color wvords, three kinds.
of information have become available to help in understanding the
encoding sequence, that is, the temporal order in which the basic
color categories are accorded lexical status. McDaniel (1972, 1974,
forthcoming) demonstrates that the encoding sequence is best

understood "ot as

he successive encoding*of ‘foci, but as the

successive ujiffereintiation /of color ca’ egories. Pleld studies of the

color sys.

ms of a Jivaroan, a Mayan, a} Papuan, an Eskimo- and three

Austrones..as languages have been critical in understanding the

encoding se

~. Fuzzy set| theory as fdeveloped by Zadeh (1965,_{'

1971) provides a formallsm f%r expressmng the understanding of ‘basic

color categories. The presen

study bri ngs together work by ucDanleL,

the field studies, and fuzzy set fo:nallsm. If a color category ig
viewed as a fuzzy set, vac;llatron befween focus and houndary ‘is
avoided when discussing universal color categories, theix
interrelations, and the sequence in which they are encoded in
evolving color lexicomns. (CLK) '
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In Basic Color Terms (BCT) Berlin and Kay (1969) proposed two uni<’

NS

-

versals” regarding the meanings of basic color vords'
— N

(1 There is a small universal set of perceptually definable colot

categories. on which the meanings of basic color words in all lan-

guages are based. Hence basic color words are more simply and directly

translatable across languages than was thought by iingnistic rela-

tivists (e.g., Gleason 1961:4; Ray 1952:252; ‘Bohannon 1963:35-7) .

,(Z)Iv There exist strong constraints on the tﬂmporal order in which the

basic color categories are accorded lexical statust Hence if we .

know the number of basic color terms in a system, ‘we—-can-— predict“”‘””

. . O
e —
[

to a fairly close tolerance Just what the meanings of thesemterms _'

"
. \
are. )

In BCT byth universal hypotheses were expressed in terms of color:
'category prototypes rather than in terms of éategory boundaries.; It'was'
found that subjects could more readily identify thegfocal'or idealhstimuli_
for a color term thanvthe boundary of the category; Subjects could easily
I pick from anAarray of color stimuli an ideal or prototfpical instance of a
..color”category,_whereas-questionS”designed‘to”EIIEIE—thewhoﬁndariegfof
categories were, to a mnch greater degree, met with long hesitations,
requests.for ciarification, and instability of.rdgponse across subjects and
across trials. Quantitatiwe data on the ektenthto‘which judgements of\\
category roci exceeded judgements of categorynboﬁndaries in consistency and
ease of'response wede not obt;ined¥ in part because the effect was so over-

whelming that quantitative documentation seemed gratuitous and in part

. because it was not envisaged that the contrast would play a formal role in

6




the developing theory; -
Thus in 1969 the available data indicated that the foci of cate-
ngories rather than their boundaries were the appropriate units in which to
express the universal hypotheses (1) and (2). This choice, however; lead
to equivocation in the expression ofithe encoding sequence, .since while the
formal expression of the sequence (cf. Figure 1) spoke only of category .
foci, the informal discussion explicitly considered category boundaties and

dealt specifically with the changes in category boundaries which occur as
successiue'foci.are encoded. For\example, the category designated 'REbi,
whose encoding marksﬂdeyeiopnentallStageVII,”contains.at~that+stage the
wuarnmcoiors,'inciuding yellows. But when yeliow'is accorded its oWn“term,
at Etage IITb or IV,i'RED' is restricted to reds;h Hence the'equivocation:
'RED' designates\the warn colors at one stage and onl} reds at a later
stage. The same eduivocation applies to all the coior percepts designated
in BCT by capital letters: BLACK, WHITE, .RED_,\ GREEN,.‘.YELLQW. While the
text of BCT speaks of the encoding sequence in terms of the ﬁsuccessive'

encoding of foci," it also interprets symhols such as 'RED' in terms of

boundaries, and, to make matters worse,'in terms of'different boundaries

at different stages. The elements of Figure 1 were interpreted sometimes
as foci and sometimes as bounded regions, and in the latter case a given

element did not always designate-the same region..
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| hite] e B
white _ [green] =3 [yellow] s .
¢ pink
- [red] [blue]-)[brown]._, P range
black| - ‘ [yellow] 5 [green] B grey
{BCT:4)
'. - e RSP ) R -
...whenever we speak of color categories, we refer to the foci of categories

1
3 rather than their\boundaries or- total ‘area, except when specifically stating

otherwise" (BCT:13).

The Originhl Encoding Sequence and Its Interpretgpiﬁn

e .
~ Lo
Vot \

Figure i ' - o



Since 1969, three kinds of information have become availabletvhich

"~ permit us to remove the'eduivocation in the expression ~nd interp}etetion.bf*"'
the encoding sequence. ‘The first is from the work.by Mchaniel (1972, 1974,
fonthcomihg) which explains the existence of the universal color'categories

and their sequential encoding.in'terms of an-opponent processes model of the
neural.encodiné of color sensations. McDanial (1974, forthcomingiushowstthat
color categories as such, and not merely focal colors, are'the basic-hnits

/ RS

involved ih the encoding sequence. ‘He demonstrates that the encoding seq?enceww_w——;

is best understood not as the successive encodiLg of foci but instead as’the
successive differentiation of color categories. This interpretation of tT.
encodihg sequence is followed in this paper.

The second kind of new information comes'from a series of controlled
field stadies of the color systems of'a Jivaroan, a ﬁayan,la Papuaﬂ, ah Eshiﬁo
. ahd three Austronesiaa languages (Berlin and Berlin 1§75; Harkness 1975; Hage
and Eiwkes n.d.; Heinrich 1973; Dougherty 1974, 1975; Heider 1972a,b; Kuschel
and Monberg 1974). These‘data have{been critical ih the &evelopment of
the neW'unoerstandihg of the.encodihg sequance and the results.of;these gtudies
as regards the substance of the encooing sequence are_summarized in Berlin and'
Berlih (1975), Dougherty (19743.1975), Kay (1975), and McDaniel (1974, forth-
-coming).. | , . e °

The third development which now allows us to escape the equivocation
.of the original Berlin and Kay (1969) formulaticas is an appropriate formalism
for expressing our new understaading of basic coior categories. Fuzzy set’
theory as developed by Zadeh (1965, 1971) providespsuch'a formalism (cf. also
G. Lakoff 1972). The purpose of the present paper is toibring together the

work by McDaniel and the empirical’ihsights of the field linguists.cited above

9
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. . . ¢
with the fuzzy set formalism, which appears ideal to represent basic color
categories as they are now.conceived. In particular, if we view a color

category as a fuzzy set we are saved ‘from having to vacillate betWeenlfocus

_ and boundary when discussing universal color‘cstegdries,:their interrela-

tions, and the,seQuence in which they are encoded in evolving.cOIcr lexiccns.

Fuzzy Sets, Membgrship\. \ . | '. '

. __This and-sub equent"sectiohs‘ﬁreséﬁt;”fcrﬂthe convenience of the

.non-mathematical reader, a non—rigorous description, of the basic elehents'oﬁ

L

’

fuzzy set‘theory. The mathematical reader is referred to the original wor@s

. v g
_of L.A. Zadeh (1965, 1971). Consider the words Congressman and gourmet. The

: L . g ' S
former seems to denote a set in the accepted sense; in particular something

is either a Congressman or it is not—-the Congress does not admit of degrees

,of membership. This is the only sort of set that standard .set theories coun=-

tenance. On the other hand gourpet (like many oLher words) seems to denote
something very like é’get,:except ‘that individuals appear to haye'different
degrees of membership. Charles,ﬁeylbe hcre oi a gourmet than Harrfrand less
of a gourmeé-than Anhe. "Zadeh-has.constructed the ;otion‘of'fuzzy set to
formalize this sort of intuition. ) ‘ - |

A fuzzy set A is defined by a chsrscteristic function f which

assigns to every tndividual x in the domain under consideration a number

fA(x) between 0 and 1 inclusive,'which is the degree of'memhership of x in

A.l For examrie, Jett,Lg 'f ! symbolize the characteristic function of the
!
.& f (Charles) = .7, and fG(Anne) =

fuzzy set gourmet, perhaps fG(Harry) = .4,

.9, If so the inequali:ies given above n words are_satisfied:

fG(Charles\ > fG'(Harryj and fG(Charles) < f-’G(Anne).

10



Color categories are ideally suited for- interpretation in terms of
.thic fuzzy set formalism That degrees of color category membership are
commonly recognized is apparent from even casual consideration of the ways

\colors are talked about There are good and p ire reds and there are poor

- ~

and off reds. To be a p ure red is to be more a member of the class of red

things than to be an off red. Blue-greens which are neither good greens

nor good blues, are\referred to by a construction which explicity recognizes

the intermediate, ddal category membership of the colors called by this name.:

The phiase a slightly purplish—blue is ‘most apprbpriate for a sensation which. -
' \

is dLly marginally a member .0f the category p%rple while being a nearly
_ perfect example of the\category blue. ‘ -? '

! i

| As these e*amples ,llustrate, nearly all of the productive uses of

i

color terminology that can be observed indicate that color percepts contin—
uously intergrade. Thus Gleason (1955), Ray (1952) and others are correct in

theiﬂ ‘assertion that colors form a perceptual’cOntinuum. They are wrong in _f
‘ .

their assertion that this continuum is arbitrarily segmented or categorized
As noted Berlin and Kay (1969) demonstrate that there are universal® focal

colors which are . prototypical examples of the basic color categories named
; in all languages. (However, as,we shall see, basic color terms do'not in all
languages map one to one onto the universal color categories.) Treating

\
color categories as fuzzy sets, the ‘regions in the color space where these °

,focal colors are located can be understood as regions where color category
membership values universally reach maxima.
McDaniel ’1972 1974, forthcoming) shows that there are also uni-

versal constraints on the specfral 1otations of color category boundaries

In the fuzzy set framework these may be understood as points in the ¢olor




L]

space!where certain category membership values always reach zero. As one

- moves from the boundary of a color category toward its focus, the mcmbership

'I’valﬁes increase gradually from zero to unity. The intergrading of color

) \. <

' categories is captured in this model by assfgning many colors positive '
degrees of membership in more than one color category " For example a blueish

\ green is a color that has greater membership in green . than in bluj The

)\- difficulties subjects experience making boundary judgements simpl

)
the fuzzy nature of color category membership in these non—focal regions of

[

the color space, where the colors perceived are examples, that is members,

“veflect

of several basic color categories.

\

Color thus presents itself as a perceptually continuous domain
which the speakers of all languages fuzzy—categorically segment in accord -
with a universal set of ruzzy color categorization principles McDaniel
(1974 forthcoming) notes that this understanding of basic color perception
\and categorization parallels the treatment of\color categorization implicif -

\\ 7 N
+in’ thu opponent process model of human color vision "The opponent process

~.

model, for which DeValois, and his co-Yrrkers have recently provided di*ect

' neurophysiological evidence (DeValois, Abramov, and Jacobs 1966; DeValois
and Jacobs 1968), postulctes that all colors are perce ved as either pure,

' unigue instances or as%intergrading mixtures of sii discrete primary color _

- sensationSA-white,Jblack, red, yellow, green and hlue.
Psychophysically determined wavelength distributions of the .

~ four chromatic fundamental color responses are shown in Figure Za. - The N !

points marked R, Y, ‘G .and B represent points along the spectrum where

unique, pure instances of the four fundamental hues are perceived. All !
/

other hue perceptions are seen as combinations in varying degrees of pairs

S 12 | L
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of these four—fundamental hues A quantity often’ used by psychol-

\ ogists working with this model to indicate perceived hue is the hue coef-
ficient, which specifies at each wavelength what percent: of the asso ated
hue sensation subjects report as.being contributed by each of the four
fundamental hues; A typical hue coefficient diagram, derived from Figure 2au
is shown in Figure 2b. The diagram indicates that subjects report the hue

[

associated with 1ight of 475 nm is perceived as 100% or uniquely blue, while

light of 650*nm 1s perceived as 50% red- and 507 yellow;v S

. McDaniel (1972, 1974, forthcoming) has shown that 1f ‘we -take this

J

.opponent processes model and the hue responses and hue response distributions
\it,embodies=as givens and simply assume that basic color terms are named for
 these neural events and combinations of these neural events, the universality
of basic color category foci and boundaries and their sequential encoding can
.be understood as the direct reflect in language of the neural processes
underlying the human perception of color.
Following this analysis, the formal expression of the understanding-,
of basic color categories we present here begins with the assumption that the

psychologists hue coefficient measures can;beutaken as(characterizations of

1 . : . .
four primitive color category membership anctions. In\Figure 2c, four

primitive fuzzy sets—blue, green, red and yellow—are depicted in a E\iver\e
\s-.

i where, for simplicity of presentation, saturation and brightness are held o

constant and :ariation in hue is characterized in terms of the corresponding
physical measure, wavelength. The figure shows for each wavelength. the
» degree to which a saturated color of that dominant wavelength is a member

of the universal perceptual categories blue, green, yellow or red. The

points of maximum membership indicate the spectral locations of focal blue,

13
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/Eigure 2a, Chromatic valencesfof fhe _opponent process mec¢hanisms by wavelegth.

Values are theoretical 351ues determined by Wooten (1970) using methods .
outlined in Hurvich and Jameson (1968). Extra-spectral values (points below

400 nm and above 700nm on ‘the x-ax1s) can be estimated but are’ here, as 1n
T Wobten, left undefined ' ' '
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Figdre'Zc. Membership functions for the primary basic categories red, yellow, green
and blue. The points of maximum and minimum membership are the same as those
determined by the hue coefficient calculations summarized in Figure 2b.
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shown ' at 400nm indicatgs that when light of this wavelength is seen . >
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green, yeilow~and red. The membership maxima (focal points) for these four .
fundamental hues correspond in wavelengtn to the points where membership
Qaiue reach tero for the adjacent fnndamental categories. - These four focal
points correspond logically anq in physical measure to the physiologically
unique'hne points posited by'the opponent process model;(McDaniel 1972,
forthcoming)f Hence each.of these curves,‘like the hue coefficients, has a
singie maximum at its own pnidue hue point and meets the . abcissa at the
neighboring unique hue points;2 »

‘ ) - Taking these membership functions'as”primitives,"we can show that
all basic color-categories at all'stages'of basic color lexicon development
~.can be treated formally‘as”fnnttions define& on these primitiye membersnip‘
‘vfunctions. Simplest are'StaééZV color term systems, witn six‘basic oolor
~terms. These systems associate a single basic color term with each of the
six fundamental eolor responses. kThe membership fonctions for the

terms‘in any Stage Y language are therefore identical with the primitive
membership functions shown in Figure .2c plus those;for plack and gbite;
Categories like these, whose membership functions are the same'as cne of the'

primitive mem rship functions, will be referred to as primary categories.

Other basic color categories are treated below as more couplex functions

¢

defined on these primitive membership functions. +

When we oast color'categories in this mold, several heretofore
informal observations'regaréing the synchronic and diachronie relations
among color categories can also be given direct formal expression. Conse-
vquentlyait is convenient’to'use color'itseif as a dOmain in which to |

" provide illustration of some additional basic concepts of fuzzy‘set

theory.

17
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Containment( W

In ordinary set theory a set A is contained in a set B (equiva-
\ ’ . \

lently, A is a subset of B) just in case evprything that is a member of A .

is also a member of B. If‘there is also at least one member of B which is
\\ not_a member of A, we say that A is a $roper subset of B. jIn fuzzy set
. - . . P . R | N .

*\theor?, a sel A is concained in a set B just#in ease everything that is a
. : /

_member of A is a member of B to an,equal or greater-degree. Consider the
" sets designated by the English word blue and the Tzeltal word yas 'green

or blue,.grue'. The former set i% contained in the latter in that every

colar percept that 1s to any degree a member of English blue-is an equally
) r : .
o good representative of Tzeltal zas. Furthermore*there are many percepts

that have zero degree of membership in blue that have non-zero! degree of
‘ membership in ya as, that is, all the greens that have no blue in them.

. ) : . K%
' Hence, in an obvious sense, blue is also a fuzzylgrogerrsubset of yas.
Y : '

H

Considér now a bluish—green (i.e. a color containing more green than blue)
l: . 1.

in the rﬂnge of colors designated in anlish by a word such as turquoise.

?

Such g color has a non-zero but quite low degree of membership in blue

when .compared to, for example, the color of the sky on a clear day,
R .
A . ‘

‘Infbrmalfbbservations indicate that such colors are better examples of the

D
-

categori'ia§ (green or bluye) than.they are bﬁ.blue and this may be expressed

N~ ¢

t

in fuzzy Set theory, as we shall see, although facts of this kind are un-

" l

representable in ordinary set Lheory It is hard to imagine the kind of
experiment that cbuld establish this observatior. as a fact unless we were
to ,find a population of F reltal-Fnglish bilinguals, but Tzeltal-Spanish

bilinguals exist and relevant experiments could be performed on such sub-

\ Jects gubstituting Spanish azul for hngl1sh blue. Closer to home we can

;




imagine experiments--of the sort performed by Rosch (1973) to determine the

degree of mjmbership of various %tlmuli;invcategories-—Which_wodld employ

color categories such as scarlet, crimson and red. Stiﬁuli that occur on
. ~ ‘ !

the perceptual boundar) of scarlet and crimson might well réqeive lower

degrees of membership in both scarlet and crimson than they wohld in red.

The fuzzy set formaiism seems to capture neatly our intuitions that scarlet
and crimson are both reds-and that a color which is scarlet to some slight
< b4 . *

. ' v, v
degree and crimson to some slight degree may be red to a greater degree than

it is either scarlet or crimson.
L B ’ o
~ Union
In standard set theory, the union of two sets A, B is the eet that
contains everything that is either in A or in B or in bofh Thus;, if the

set of people elig1ble for cteap tickets is the union of the 'set of registered

students and the set of people under twelve years old, peOple who are either

registered students or,under twelve| or both are eligible. The union of the
fuzzy sets A, B, which we will denotde 'A or B' is defined by a function,which
assigns to each individual x the larger of the two valtés fA(x), fB(x). In

symools, we define the union of two fuzzy sets A, B by the equation.

af] - N

3 B

faor 8 "ar  Max [fy

Let 'us suppose that we are for some reason interested in rorming the

~union of the fuzzy sets competent basketball player kB) and competent landscape j
"Eainter (P). (Perhaps we are composing a guest list tor.a potentate_whose .
,prinoipal avocations are basketball and landscape_painting.). Let us forther
suppose that Kareem Abdul-Jabbar hae degree of memberehip'of .99 in B and

2

degree of membership of .02 in P, while Joe'Furge, who has played semi-pro

19 e
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A
basketball and sold a few watercolorsg/gzs a degree of membership in these
fuzzy sets of .5 and..6 respectively. Intuitively, our potentate will be
more interested in meeting Abdul-Jabbar than in'meeting Furge, and so we are
glad to note that our definition of (B or P) gives a higher degree. of member-~

'ship to Abdul Jabbar (.99) than to Furge (.6), despite the fact that the sum

and product of Furge s. degrees of membership both exceed those of Abdul—Jabbar.

In standard set theory an individual is in the union of’two sets if it is in
either set and in fhzzy set theory an i dividual'is in. the dnion ofhtwo sets~
to the greatest degree ‘that it is din °igher set (not to the degree that it

‘.is in bbth whatever that might mean) o ‘,/‘ o . =

Several basic ‘color categories found in pre—stage V color systems

. are formaliy'representable as unions of various of the six primary categories

(See Figure 2d).

_— A

N
. T



16
" Degree of E ' . - _
membe'rsle.p ' , . } \fblue or 8_reen(x) :
- 1.0 o .- - / : N
. ' T . A\N ) -
- - . RE . (x) |
ks (x) £ '.(x)a - yellow ‘ _
-blue green : , .
. £ (x)
L green and yellow’
v . 22< :
0 : + _ = =
400 450 . 475 500" 510 . 550 . -.575
focal ' focal = ' focal -
(unique) (unique) - -(unique)
‘blue - . green 7 yellow
Wavelength in nanometers ' R ' L
\ ” The Fuzzy Sets Blue, Green and'Yell.ow Showing the .
Union of Blue.and Green and the Intersection of Green and Yellow.
-' Figure 2d * -
N
7
- LN




e

17

2
4

, that

On the figure the heavy solid line represents fblue or green

118 the (fuzzy) union of blue and green, (blue or green) = grue. Like other
categories formed from the union.of two’ or -more primaries, grue will be \
referred to as a composite category. ‘Grue is composite in the simple sense
of being composed of all greens and all blues. Of the fifty—seven cOdesite
categories which might- be‘formed by the union of various'primaries, Laly
three in addition to grue (cool)”’ have actually been observed as basic color
categories. These are warm (red or yellow) light-warm (white or red‘or
yellow), and dark-cool (black or green or blue) (Berlin & Berlin l974

.Dongherty l975 Kay 1075 McDaniel l974 forthcoming) These composite

categories are found only in Stage IV and earliér systems.

Referring again to Figure: 2d note that’ a blue-green stimulus of,

say, 495 nm has a lower degree of membership in the grue category than a’'

stimulus- near either the ‘blue or green focal point, 475 nm and 510

respectively. This correspondslto‘the claim that in a language such as

. Tzeltal a stimulus of this color is a poorer example of z__ grue than a .

4stimulus near either the blue or green unique hue points. No direct evidence
on this sort of question has been" gathered from'a language with a basic color

. term meaning grue. However, the fact that in such.languages”speakers nearly

always select”best'examples of grue from stimull at or very near one of the
unique'hue‘points (Kay l975)‘lends strong, if-indirect, support to this claim.

As in the case of the containment.relation, -he union'operation'on fuézy sets

'deals.with'facts and intuitions not capturable by considering color categories

. as sets of stimuli in the ordinary sense of "set",
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4

'Interéection
In standard set ﬁheory the intersection of two sets A, B is the set
* . . : R u :
that contains just those individuals that are members of A and" also’ members

of B. The intersectioﬁ of fuzzy sets A, B, denoted here 'A and B', ig

defined:by-the fuﬁction that assigné'tq each iﬁdividuallx the smaller of the .

3

two values fA(k), fB(x). In symbols,. the intersection of the fuzzy sets A, B

is defined by:the gquation

RO Min[f, £ ]

£ and B Tat

If the color category cqfresbonding to the fuzzy set green and yellow is
" called chartreuse, the defining function of chartreuse is indicated by the

doﬁte& line in Figurg 2d. Colors below 510 nm and above 575 nm have Zero

. degree of membership in chartreuse. As one'advanées to tﬂe right from unique
green (510 nm) and to the left from unique yellow (575 nm) one has iﬁitially
, dnité poor exaﬁples of chartfeuse, but as one continues from-either end the

,stimuli-exemﬁlify chartreuse increasingly well, reaching a maximum somewhere
S - : N

in between uﬁiqug green and unique yellow (thodgh not necessarily exactly in
the‘middle,'the-location of the. maximum depending on the exact shape of the

(x) and £ (x) curves as empiricaily determined. Cf. footnote 2).

fngEﬁ yellow

1

Derived Color Categories

It appears.that basic éolor categories 'like orange, whicﬂ iihe non- -
basic categories such as chartreuse consist psychophysically of'miXQurés of
primaries (éternheim and Boyﬂton'1966), should be related in some way to the

corfespbnding formal constructs consisting of the fuzzy intersections of

primary colors (e.g., yellow and red);' The correspondence turns out, however,
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not to be one bflidentity.3 Figure 3 shows three possible models for the

- semantic category orange in a ianguage which hae a baeic color term for
orange. (In plotting the membership functions of the fuzzy sets yellow,
red and orange we have used the subjective hue scale as the abcissa because
the perceptually purest red is non—spectral, that is, it corresponds to no

monochromatic light. Dimmick and Hubbard 1939).

© 24
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 Three Models for Derived Categories

(Abcissa repres&nts subjective hue scale. ‘¥fJ

and 'R' designate focal (unique) yellow and

~ red points respectively)

Figure 3

- oz,



- yellow and red. There are two. kinds of evidence that militate agaizl; this ,

o 21

. i \

Model A takes the category orange as identical to the fuzzy set.

model. First Model A implies that there are no really good exampl f a

A
derived category likezorange That is, the maximum of the membership funq—

'tion for orange is well below the maxima for yellow and red in this model.

Q

This implication contradicts the generally-known fact that subjects are

'essentially as -confident about assigning good examples of orange to that

category as they are for the categorias yellow and red. Many subjects declare

that for them orange is just as fundamental a category—-just as unique a color’

_lsensation—-asjeither_yeliow or red. A second counterfactual implication of

Model A is that no single hue sensation has a:higher degree of membership in

orange than 1t has in either yeliow or red.- Every hue point under the left

">Hhalf of the orange membership function has a. higher degree of membership in -
. yellow than in orange and every point under the right half has a higher degree ,

.of membership in red than in orange. This is quite‘contrary to experience,

bothfexperimentalland casual. There is unquestionably a range of hues that
. o IS .

speakers of English_more_readily label'orange than either'yellowdor red in’

both experimental.and natural speaking contexts}<§ternheim and‘Boynton”l?66).
| »Hence} we-are»forced.to abandon the simplest’model, A, in favor of:c

a.model in which orange is defined,.not simplyfas the‘fuzzy intersection-yellow”

o

and red, but as an independent category with a separate membership funbtion

';covering the region from unique yellow to unique‘red and reaching a- maximum

at or‘near unity somewhere in between. Models B and- C. both have these ‘pro-

perties. ' The difference between Models B and C is that, while c stipulates

 the retraction of the inner portions of the red and yellow membership curves

4

with the adyent of a basic category orange, B maintains thatievery primarily'_

27



i.red sensation on the yellow side’of unique’ red is still yellow to a degree
‘and that every primarilyn?ellow sensation on the red side of unique yellow

18 still red to a degree. The sort of*experiment that could decide,between
models B and.C would be one in which subjects were asked to categorize l
:,orange stimuli; that is stimuli whose dominant hue‘lies between.unique red

- and unique yellow, without using the category'orange.: lfisuhjects couldJ
identify a small red component in_stimuli close to unique yellow and a small
‘yellow component in stimuli close,to unique red,ithis iseue would be‘decided
~in favor of Model B over Model C. Exactly such’an experiment has been per—
formed (Sternheim and Boynton l966) with results clearly supporting Model B.
‘When orange is not'allowed as a response category, English speakers produce
'yellow and;red.naming-responses’which extend from one unique hue point to the
_other, showing a smooth decrease from the "home unique hue point to the
.adjacent one. We therefore reject Model c in favor of Model B.

Model_B also captures~the fact that while certain hue stimuli are
Tcategorized primarily by speakers of English as\orange they ‘can also be
.categorized in certain contexts, e.g., when the orange catggory is deliber-~
ately supgressed: as mixtures of yellow and(red.(Sternheim and Boynton 1966).

Model B also allows us to account for some of the'variety_of ways an
English speaker‘might ash for'a book of, for.example, a yellowish‘orange color,
where 'yellowish orange "color" means in the fuzzy set formalism having a

A 'dominant wavelength slightly to the right of the intersection of‘the ‘membership
functions of yellow and orange as shown by 'x' in Figure 4. A speaker might
"ask for "that yellowish orarge book" or '"that orange book", but ifsa book of

such,a color were on a shelf where all the other books were green, blue or

‘near~-focal red, an English speaker might simply ask for the '"yellow" book.
. ) U . o
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In this context, the relatively high degree of mémbership of x in vellow

pérmits the use of the primary term yeéllow rather than the seemingly moré

(x))

appropriate qerived term orange (in the sense that forange(x):> fyellov

‘since the context is such that no confusion with other objects in the

'stimulus fileld can arise.

s 2
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X
orange

Degree of
" Membership

o

A Yellowish Orange (x) .f
. Figure 4 ‘j
(“.
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Derived basic color categories sucn as orange, pink, purple and
grey thus have much in common with the>six primaries; They have‘their own
_membership functions with fairlyHmell defined‘maxima at or near.unity.and
tails which approach zero at the neighboring focal nointSQM There.is, how-
.ever; an imbortant-difference betﬁeen derived and primary basic color cate-
goriesghthe membership maiima of the former are not associated withlunique
:hue points in the opponent process model (McDaniel 1972). Figure S shows
the membership functions for blue, green, yellow, orange ‘and red<f Note again
:that for blue;, green, yellow, and‘red the points at which'membership maxima
occur correspond to points,of zero membershio,for each other.membershio)func—
tion.;uAs mentioned tnese points corresoond to the hues experimentally
K determined to Seﬁohysiologically unique in the.opponent process model. This,
.however, is not the case for orange as may be seen in Figure 5 " The location?;
. of maximal membership, focal orange 1is not correlated with‘the existence of .
aa underlying unique.hue point. The adjacent'categories, red and yellow, do
: not have membership function values of zero at focal orange. Thuslthe | “
r.points of maximal membership in orange, and other deriOed categories, are

not' as simply relatable to events in the opponent—process model as is the

case for focal red, yellow, green and blue.
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The membership functions of "derived" color_categories may be
literally derived from the functions of the relevant'primaries, at least in
_general outline. It may be observed in Figure 5 that the orange function

varies inversely with.the absolute difference of'the yellow and red functions.

At the yellow and red unique hue points, the value of the absglute difference

~e
t

£ . e . . ‘ : “.. .
yellow(X) fred(x) is unity and the valuelof torange(x) is zero. As one

moves to the right from unique yellow and-to the left from unique red this

difference decreases until it reaches zero at the point where the f .llow and
. e .

fred functions intersect Near ‘this point the value forange(x) approaches

unity. The fuzzy set for ange may thus be defined over the domain for which

"4 the membership function of (yellow and'red) exceeds zero:

- = (x) - £ (x)

’orange - fyellow ~ red

Equation (5) 1is not a summary ofiempirical measurements actually"made, although
"experiments could be conductedjto'assess its accuracy. “The purpose of equation‘.
(S) in the present coiritext is just to demonstrate at a conceptual level that
when we speak of color categories such as,orange as "derivedf from yellow and"

red, there seems a fairly literal sense—of "derive" in which the term 1s
_appropriate(s ; i |
..ff-equation (5) or something lihe it.corresponds to.an actual neural
event, it should leave behavioral traces. One possihle observable effect of
this extra step in the neural processing of derived colors might be that
reaction times for recognizing focal examples of derived colors would be
longer‘than for primaries. In a study in which the "focal" examples used

were probably not optimal for a proper test of this hypothesis, Heider found

nevertheless that "primary focal colors [black white, blue, green, yellow,

/
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red] were named significantly more rapidly.than‘non-primary focal colors
[pink brown, orange, purple], t(22) = 2. .86, p <. 01 (for correlated. measures)"‘
.(Heider 1972b:15).°

To summarize,‘we have described three t}pes of “basic colorbcategories.
.There are six primary categories which correspond to the unique color sensa—.i

tions black, white, blue, green, yellow, and red (Hering l964 [l920]; Jameson:

and Hurvich 1955; DeValois and Jacobs 19€8; McDaniel 1972 1974, forthcoming);

’Stage V color systems name these six categories with basic color terms. TheyA i~,mr

may be represented as fuzzy sets whose characteristic functions, in the case
‘of the hue terms blue, green, yellow and red have a maximum of unity at the
corresponding unique hue_po;nt and drop'off to zero at the neighboring unique .
hue points. The second group, thefcomposite'categories, occur in termino—.ﬂ

g logies prior to Stage V and consist in fuzzy sets which are unions of primaries,.
~The third type, derived categories, are related but do not correspond pre~
“‘cisely, to the intersectlons of primaries.~ Although the same (non—fuzzy) set
of stimuli have. non-zero degrees“of membership in the derived category orange
as.in (yellow and red), the fuzzy sets orange and (yellow and red) have
distinct characteristic functions as described above The characteristic

function of a derived .category reaches a value of zero at two~unique,hue points

that are adjacent on the hue scale. This contrasts with the structure of the
: /

A

”fprimary categories, which have zero values at unique hue points that ‘have .a

third unique hue point between them While a primary category attains its
'maximum membership at, ‘the latter unique hue' point, the maximum of the member—
ship function for a derived»Category does not correspond to a unique hue

point. The characteristic function of a derived category may,'moreover,'be '

expressed”as a function of the characteristic functions of the two constituent



primaries, as in (5). "The operation perfprmed:on two primary categories to _4

obtain a deriyed category will be denoted“with a plus sign. Hence (orange) =-
€ , _ .

) _ , . .

‘(yellow + red) ¥ (yellow and red). | T : S8
/. . %

/ ..

Finally a question arises regarding the ‘gtatus of secondary color -

categories corresponding to non—basic color terms such as chartreuse. Like
‘derived categories, these,categories are psychophysicaliy combinations of
‘primaries. - The fuzzy set formalism prqyides an attractive possibility to
model them, but it is not clear thther or not this ‘move is empirically
justified We may take a secondary category ITike chartreuse as corresponding
to the interséction of the fuzzW sets green and yellow (see Figure 2, where
this is tacitly assumed). An empirical claim_entailed by this formal move
. / ‘ .

is that that speakers with chartreuse in their ‘active vocabularies_should
4:judge any stimulus they judge as?chartreuse’to a-positive:degree to be an
‘equal, or bétter representative of either green of yellow; This speculation .’
is not immediately rejected by introspection or casual observation, but on

the other hand we know of no systematic data that support 1it. If some sub- -

jects were found to react to.appropriate stimuli.with the labels chartreuse, d

-

.yellow and green in the manner just suggested and others were to use
chartreuse in the way that subjects generally use labels for derived basic

‘ categories such as orange wesmight have grounds to say that chartreusenhas
.achieved basic term status for the second group of subjects although not for

the first.

The Encoding Sgguence

‘The empirical facts relevant to the restatement of the encoding
sequence (McDaniel 1974 forthcoming) are summarized in Berlin and Berlin

\
(1974), Dougherty (1974, forthcoming), Kay (l975),-and McDaniel (l974,

N \ o
) . . . . ..\\ : . (). : <




'.‘forthcoming); ‘In diagram (6) the arrow represents a binary relation which N
—is irreflexive, antisymmetric, "and transitive, and which may be read 'occurs
before' or precfﬁes in time . The primary color categories, white, black

red, yellow, green, blue may be thought of as the fuzzy sets named by the

English words white, black, red, yellow, g;een,,blue or the corresponding

words in any language of Stage V VI, or’ VII.7 The two composite categories -
which constitute Stage I, light—warm (white or red or yellou) and dark-cool
(black or green gr,blue),.correspond on the one had'to the "inherently light"
and l'inherently.dark'__' groupings of color‘sensations.recognized by Hering
(1964 [l9261; see discnssion‘in McDaniel forthcoming) and onithe other are-
equivalent in extension to the two basic color terms in Dani.(Heiderfl97Za,_
"Heider and Olivier l972) The composite category red or yellow (warm),

which occurs at Stages I1 and IIIa, is a basic color category for Stage II
'speakers in Bellonese (Kuschel and Monberg l974) and for Stage IIIa speakers -
in Aguaruna (Berlin and Berlin 1975) and West Futunese (Dougherty l974 1975).
‘The composite category green or- blue is the well known grue or cool category
reported for,many languages of the world including probsbly the majority of

| New World langnagés (Hays"et. al. 1972; Bornstein 1973a,b). ,The derived

-categories brown, orange, purple, pink and grey are all present in~EnglishJ
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.
;4 glance at ‘the encoding sequence_(6) showsrseveral patterns that

aﬁe neatly revealed by the fuzzy set formalism FirstJ we are able using

ithls device to talk in a more general manner about the develOpment of cate-
fgories (- fuzzy sets) rather than having to shift back and forth between foci
and boundaries because fuzzy set theory is a more natural formalism for
speaking about categories with degrees of membership t an 1is the language of -
"focus and "boundary ‘Furthermorewthe fuzzy set_lan.uage is morevaccurateui
for color categories per se. Whenfweuformulate color categorieS'as fuzzy sets
we\can .see that the focus and boundary model says both'too much and too little;
.To talk of ‘boundaries entails--or at least' invites the inference--that the
edges of . color. categories are shaprly defined and that all stimuli withiu the
iboundary are equally.first class citizens of the category.. This .1s not so, ;_. i
_: since stimuli increasingly far from the focus'are increasingly poor uémbers‘

.

of a category "The way in which ‘the focus and boundary language says too

3
A IS

- little is closely related In the focus and boundary terminology we 1n

" t

'ffeffect distinguish exactly three degrees of category membership, focal member,
non-focal member and non-member, but the great mass of experimental data in
color naming and classlrication as well as common intuition indicafe that y
‘in fact color categories have contfnuously graded degrees of membership,
rather than some. particular small finite number, sucn as. three. o
\. Secondl}, we can express formally the fact that progression/through
. the encoding sequence amounts to cutting up the color space into ‘success ively
smaller pieces (McDaniel 1974, forthcoming) The ‘precise sense in which tlis
is true will become.clearer in the next section. ; ‘ A R
Thirdly, one may note that all.the composite categories are dis-
solved into their constituent primaries, at Stage V before any of the derived

\
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f‘}

- ca Pgories are formed with the 'xception of the '"wild card" category grey.'

' I

. Until Stage V, color lexicons‘develop by dividing categories composed of

unions of primary color sensations into these primary-categorles.- After

Stage V, new basic celor categories are derived'from existing categories

' (McDaniel 1974; forthcoming) via functions such as (5).

Fourthly, the: fact that so far no 1anguage investigated contains

‘more than eleven basic color terms, with the possible exception of Russian

(see Berlin and Kay 1969:35-6), seems now more an accident of the present

moment in world history than a theoretical inevitability. Russian goluboy
'light blue, blue + white' is a notential instance of a twelfth basic color

term, as it is a/basic’term4for some Russian speakers, though probably not

PSSy

e

“fai’;11.g We cannot be certain that goluboy will not in the future achieve

basic term status for all speakers of Russian. Similarly, it is possible

that several secondary terms in English derived from pairs of basic categories

will also become basic terms, for example, aqua, turquoise 'blue + green',
) 2

maroon, burgundy 'red + black', chartreuse, lime 'green + yellow'; Some of
these may be basic terms for some speakers already. Certain secondary cate-
gories in current American Englisn appear to be dertved from one“primary and
one derived category and it is not unthinkable that gsome of these may ‘also

3

some day become basic categories for a large number of speakers. ' Examples are .
9

" ‘beige 'yellow with grey , lavender 'purple with white . The fuzzy set form-

.

alism allows us to see how derived basic categories are produced by combining
the primary categories, which denote the fundamental color percepts, and to
see with greater clarity the general process in?olved in evolution of advanced

color term systems. There is no apparent reasor to believe that that pattern

is complete at the present number of eleven basic terms.



- -
Fuzzy Partitions

To continue our discussion of the € cod%né sequence of basic color .
'categOries viened as fuzzy sets, it is desirable to axtend fuzzy set theory -
in a minor and mathematically trivial way by defining fuzzy partition. In
'stendard set‘fheory a collection of subsets partitions a .set A just if (a)
everything in A belongs to gne of the subsets and (b) nothing in A belongs
to more than one of the subsets. The subséts are often called cells or
- blocks of'the partition 9 We take as our univelsal set the get of color
percepts, and we wish to generalize conditions (a) -and (b) so that we may
ask and answer questions such as whether a given set of color terms parti-.
tions the universal set df color percepts or whether a given pair of color
categories such as blue and green partition a third category such ;J blue
or gteen (grue). Condition (a), the exhaustiveness condition, is taken over
directly into the definition of fuzzy partition, translating Jbelongs to'
as 'having a non-zero degree of membership in'.10 But condition (b), the
mutual exclusion condition, cannot be‘taken over directly since distinct
bue adjacent primary color categeries overlap a great deal. As we say
above (see Figure 2), every green ebove 510nm (unique green) 1s also to
some positive degree yellow, and every yellow below 575nm (unidue_yellow)
is to some positive degree green. As Figure 2 shows, all greens except for
a point or very narrow band width anound 510nm have some¢ component of
eitnet blue or yellow in them. These are not suppositilons of'the formalism
but facts for which the formalism must account.

| 1
j We will replace condition (b}, the mutual exclusion condition,

-

. by a statement to the effect that each cell of the partitlon has at least

one member that belongs to no other cell.
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It will be noted that in availing ourselves of thé connenience of ~
’ saying tnat'an’individual,belongs to a fuzzy set d.just in.caso thdt individ-;
ual has a‘non-zero degre~ of membership in A, we have givon“tncit récognition-)
to the fact that to every fuzzy set A there corresponds a standnrd set, whichl
we wvilk denote 'Aé';'whose membern are the individuais that'belong to A. kFor
example, the standard set corresponding to the fuzzy set green is denoted
grgens' nnd consists of those color petcepts ‘that' are to some positivg degree
green; that is any color whose dominant wavelength islbetween 475_nm and -
575 nm (see Figure 2). The relevance of this commént ie that“dhon wve definer
the notion partition for fuzzy sets we want the set being partitioned to be
a standard, not a fuzzy set, although we want the cells of the partition to
be fuzzy sets. For example, Phen we éay that the fuzzy gets green and blue“
form a partition of the set "prue", by "grue" we mean grue _, the standard
set whose members are grue to any positive degree. ihis aporoaoh allows us
to ask and answer the question whether a full color terminology‘partitionn
the universal set of color percepts. The latter is a standard, not a fnzzy
set, and so particularly in this case we want a fuzzy partition to take a
standard set into a collection of fuzzy sets.
Given a ntandard set As and a collection P of fuzzy sets Pl’ P2""’
Pn the union of whose corresponding standard sets, pl TR D is A ) Ve
say that P constitutes a fuzzy partition of A just in case (a)efor avery
individual x in AB therc i8 a Py in P such that x belongs to Py and (b) for
evety pi'in P, there is at least one x ir As such that (1) x belongs to Py

and (11) there is no pj in P (pj ¥ pi) such that x belongs to pj. In.Bymbdls,

a collection P of fuzzy sets is a partition of a standard set Aé if and only 1if



S T 3
,f B

A‘(7) (a)‘,ﬂi v ..U p
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3

. / ' , ' '
.' (/bf (V:f)(if x ¢ A then (3 pi)(pi e Pand x ¢ p;i))

{
(c) (Vpi)(if Py ¢ P then (3x)((x ¢ As and x e ?i)‘and

,~((3?i)‘pj e P and pj # Py and x e pj))).

The primary categories, whose one-to-one lexical encoding consti-

Ad

tutes a Stage V system, partition the domain of color. That is, (a) subjects

given the labels black, white, red, yellow, green, blue can classify any

color stimulus and (b) for each of these six categories there_ekist color

‘stimuli that are classifiaﬁlé only in that the category and not in any of
the other five (Hering 1964 [1920]; Sternheim and Boynton 1966).

From this observation and a fuzzy set interpretation of the‘encoding
sequence (6), it follows that every basic cclor lexicon cor:tains a partifiqn
of the universe of color. Consider first the Stage VI and'ViI lexiconé..ﬁ
Since all six primaries are cir :ained in Stage VI and VII terminologies, these
terﬁinologies con;ain a partition of the color domain, which consists simply
of the six primaries. Now consider terminologies 'of Stages I through IV,

Each of these types of terminology consist of composite categories, composed
by unions of and exhausting the list of primaries. It is easy to show that

if we start with a fuzzy partition P of a standard set As and create a new
collection of composite sets by taking unions of the members of P in'such a
way that ev;ry ﬁember'of P occurs in exactly one of the composite sets, the
collection of resulting composite sets is also a fuzzy partition of As.l2
Hence each terminology of Stages 1 through IV also constitutes a fuzzy parti-

tion of the domain of color percepts. So at any stage, the basic color



: categbriee.contain a set qf categpries‘which pnrtition the,entire coidr space.
The basic color term vocanularies'at each stage provide terms fdr‘all:coiors.

’ - o From Stage I through Stage V, each evdlutionary development consists
of a refinement of the partition of the color domain, where ' refinement of a
partifion refers to the creation of a new partition nhich claesifies sepa~-
rately everrthing classified separately in the old partition,and in addition -
classifieBAﬁepnrately at least'two individuals ciassified as the same in tne
ole partition. ‘ e addition of derived basic eategories at stages subsequent
to V does not refxne\the partition of the color domain because the derived

categories do not eatlsfy condition (7c) of: fuzzy partition There is no

color sensation that belongs to a derived category" that does not also belong
to a primaryvcategory. In fact, every point” ulimulus in a derived category
belongs to both of the categories from which it is derived:' This fact
enpports the observation thov derived categories ére»fundamentally less
important than primary rategories. Derived eategories are in two senses
gratuitious: (n) any color sensation can be referred to without using one
of them, (b) no color sensation can only be referred to by using one of them

(Hering 1964 [1920]; Sternheim and Boynton 1966).

In this context the questidn may be asked whether derived cate-
gories should be considered basic color categories at all in the sense of
providing the meanings of basic color terms. Inwspecifying tne referential
atitributes of the definition of basiclcolor terms, Berlin and Kay had in
mind,tacitly a standard set theory model when they said "[A basic color
term's] significance is not included in that of any other color term"

(19A0:6). We may ask whethéar o hasie hat non-primary category like orange

satisfles the translation of this criterion into fuzzy set theory. The
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ansver is that it does. The derived category orange is not contained in ‘i:
either yellow or red (or of course ‘any other’ category) It will be recalled“
that a fuzzy set, say that defined by f (x)vcontains another, say that
defined by forange(x)’ Just in case f (x) exceeds f ange(x) for all x.
But as we have -defined the derived category orange this holds for neither
yellow and orange nor for Ted and orange (see Figure 3B).. Thus the notion

that non-primary, derived caLegories may nonetheless be basic color cate-

gories survives the translation into the fuzzy set model.’

Conclusion | S | . |

It has been shownvthat it is possible to give natural expression
in fuzzy set theoLy to a 1arge number of empirical observations regarding
~ the extent, nature, and evolutionary relationships among basic color cate-
\gories. Unlike standard set theory, fuzzy set theory is a continuons,
rather than discrete, mathematics. Hence, it appears tnatlthe natural
mathematics to describeitne perceptual/cognitive schema underlying at least
one semantic domain is continuous. Evidence is accumulating that the domain
of color is not unique in this regard (Kay n.d.), and the sum of this evi-

dence offers additional challenge to traditional, discrete feature theories

of semantics (Fillmore 1975).
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1
Actually the range of the function need not be restricted to the

'real interval [0 l], but we have no need to concern ourselves here with

these more general mathematical considerations.'

~ For convenience in this and subsequent figures, characteristic func-
tfons are drawn as symmetrical bell-shaped curves with the unique ‘hue
point.at the center. This is Strictly a graphic convenience‘inean argument
that 1s notmconcerned with the details df the shape of these curves. Exist—'
ing evidence suggests that the real functionsjare not in fact.symmetrical
'about the unique hue points.- Moreover, unique hue points are not equally
spaced on ‘either the wavelength or subjective (jnd) scales, as they appear
in some subsequent figures. Nothing in the argument of this paper, howeyer,
hinges on the oVer—simplifications employed here in depicting the character-
istic function curves.

The question of non—basic categories like chartreuse is taken up again

L3

later.

4 At the moment, we have no evidence which would-allow us to«determine if,
(with the {ntroduction the derived category orange,_the.nembership functions
for the'categories.red and yellow would remain the same or might be 1owered.
while still remaining positive throughoutAthe region between unique- yellow
and unique red. Experiments of the type'performed by Sternheim and Boynton
(1966) comparing speakers of a StagelV 1anguage (naturally without orangej to
Stage VI1 speakers prohibited from use of orange might reveal these details

of the effect that lntroducing a derived category has on the primarv category

membership functions.
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> As .we remarked in note 2, the curves given here are not intended to N

be taken literally.l If the membership curves for yellow:and red were bell- h
_shaped as pictured, the-derived curve for orange given by (5)-wouid be
pointed at the top, i.e., discontinuous, rather than reaching its peak in ;
a smooth bell-shaped manner. Again we leave to empirical‘investigation
_the establishment'of the detailed shape of the curve. Pethaps log of‘pouet
functionsvwill uitimateiy be found.to relate overt color naming behavior to
the_relevant.physical eontinua, as functions of this general kind are fre-
quently involved in relations between subJective sensations and the underly-
ing physical scales (Stevens 1957). ”

John Atkins has pointed out (pegsonal communiEation)'that the right

side of (5) is equivalent to

2 (| (x) and f (x)l )

yello
on the reasonable assumption that at any point on the abcissa all the mem-
bership functions for the four primary coiot'categories sum to unity.

6 The absolute order of reaction times was'not:in exact agreement with
the hypothesis. Whereas orange, purple, pink and brown should have had the:
four longest‘response latencies, ghe actual rank order of latencies was (fromd

. shortest to longest).black, yellow, white, purple, blue; red, pink; brown,
green, orange (Heider 1972b:i5). But there are at least two difficulties
with Heider's me thodology which suggest caution in‘interpreting these results.
First»Heider determined "focal" colors by taking’the "geometrie centers" of -
the areas enclosing all the focal choices in the Berlin and Kay (1969:9) data
(Heider 1972b:12). Unfortunately, focal greens in_Berlinuand.Kay wete over-

extended toward blue due to a misclassification ovaietnamese xanh, grue,

with a near unique blue focus-‘as GREEN. Thus the "focal" green Heider used,

a o~
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Munsell 7.5G 5/10, is rather distant in both ‘hue and. saturation from the .
_lO GY and 2.5 G hues typically chosen as: focal greens. - This‘particular_
difficulty might help explain_the especially low position,of green in the
response latenry rankings.l - | -
Second, and more importantly, Berlin and Kay obtained their.focal\color
judgements, which Heider used to select her stimulus materials, under a
standard illuminant A while Heider conducted her tests with daylight flour—
escent illumination. The difficulty here is. that object colors can.shift
radically with changes in illuminant conditions. Thus, Heider's relatively
well defined illuminant A focals may have been poor approximations to the
focal colors when viewed under her -daylight flourescent illuminant“conditions.
. A less than ideally constituted set of stimuli for the giyen'experimental'

conditions may therefore be in part<responsible for the equivocal nature of

these results.

The;dotted arrow indicates that grey may occur "as a wild card at
various points in the sequence" (Berlin and Kay 1969:45). Whereas, Berlin
and Kay originally guessed that it might occur, 'say at any point after Stage
IV" (p. 45), more recent information shows that grey may occur at any stage |

from IIIa onward, or possibly even earlier (Alpher, personal communication;

MacLaury n.d.).

(Cf. Daly n.d.) Other Slavic languages have mono-lexemic terms for /
'light blue', but these appear to be basic terms for very few speakers, if

'any (Daly n.d.). For a discussion of inter-informant variability in color ,//
. . ‘ , /" .

. v

‘lexicon within a language, see Kay 1975. ' _ s

4

9
We have written "with" rather than '+" because we have not worked

out the mathematics of these categories. It does not appear that a'simple

AQ




extension of. the operation + will wor

in these cases.

10_For example, the cells of a jail\normally provide ;'partition éf
the set of prisoners since very prisoner iis assigned to a cell and no ﬁri-

soner - is assigned to more than orie cell.

11.Zadeh cautions, '"the notion of ’belongiﬁg,’ [memBership] which“plays

a fundamentél role in the case of ordinary sets, dves not have the same role

in the case of fuézy-sets. ‘Thus, it is nthﬁeaningful to speak of.a point o

x 'belonging' to a fuzzy set A except in the trivial sense of fA(x) being

positive""(l965:342). We will henceforth use 'belong' in jﬁst this sense,

since with respect to color the notion is not trivial. Zadeh appears to"
, : : . ral, o

have in ﬁiﬁd applicatiohs in which few, if any, individuals in the relevant

domain will have zero membership in any of the fuzzy sets under discussion. -

Such ié not the case in color. For example, no color percept that belongs

to red, belbngs to green, and conversely. The same holds fo:'blué and
yellow. In discussing color percepts and categories it is often of interest

to know 1f a given percept belongs (to any positive degree) to a certain

category. Similarly, it is often of interest to know whether two categories

have members in‘common, like greén and yellow, or are\disjdint,like green

- ,
o

and red.
. .
12 1f : . !
(i) . AS is a standard set,
(ii) P = ‘{fl, -f_z""' f_n} is a fuzzy parc;cion of A_,
(1ii) P' is a collection of fuzzy sets such that (a) each
pieP’ is the union of one or more members of P and

(b) each f,eP occurs in exactly one member of P';

i
Then P' is a fuzzy partition of Aé.
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"Proof:, (a) Corsider an arbitrary element~xeAS; By hypothesis (ii) there

is at least one fieP such that x belongs to f

at least one pieP' such that x belongs to Py

T By hypothesis (iii) there is

" (b) Consieer an arbitrsry pieP'. By hypothesis (1ii) p contains
at least one fieP. By hypothesis (ii) f has a member x which belongs to no -
other fjeP (f # £ ) Hence x belongs to nc other pjeP'.'_So for ancarbitrary
pieP' there exists an element xeAS which belongs to pi and which belongs to
'. hO other PjeP' (p # pj). The proof is complete.

As noted, the .way we have defined fuzzy partition ‘excludes derived
.categories from being Dossible cells of a partition because they do not meet
the mutual exclusion condition (7)c. Fuzzy partition may be alternatively'
defined with a weakened mutual exclusion condition which is met by derived
tcolor Lategories as well as by the primaries |

Recall that-in the original statement of fuzzy mutual exclusion (7)c,

. a collection of fuzzy sets meets this condition just if for each fuzzx set
’ there is an individual that has positive membership in this set and zero

degree of members:&p in\each other set in the collection. This may be weak-
ened by defining.s cqllectien of fuzzy sets as mutually exclusive just if for
ecach fuzzy set there is‘am individual that;hss a higher degree oflmembership
ih this set than in am& other set in the cbllection.' In Figure IA fuzzy sets .
A;B,C partition the domain of .individuals, represented‘by the abcissa, while

in Figures IB and IC there is no partition.
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_An alternate definitien of fuzzy mutual exclusici

and Fuzzy Partition
Figure 1

Note that none of the situations depicted in Figure I conforms to the
definition of fuzzy mutual exclusion (and hence f;zzy partition) given in :
(Z)C. If this weakened version of fuzzy mutual exclusion and fuzzy partition’
is adopted, then add;tion of derived categories after Stéée § does further
~refine the parfition of éhe color_domain. This formulation,would appear to
chafacterize the systems of those individuals for whom derived categorieé
such as brown, pink, orange, and grey aré 6n_a perceptual/conceptual par.with‘
the primapies. _Note that in thé alternate definition of fuzzy partition

éategories such as' crimson (Cf. Figure IB) and éhartreuse_(Cf. Figure IC)

still~do not participate in a refinement of the partition.
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